Incorporating Isolated Molybdenum
(Mo) Atoms into Bilayer Epitaxial
Graphene on 4H-SiC(0001)

Wen Wan," Hui Li,* Han Huang,™* Swee Liang Wong,® Lu Lv," Yongli Gao," and Andrew Thye Shen Wee5+*

"Institute of Super-microstructure and Ultrafast Process in Advanced Materials, School of Physics and Electronics, The Central South University, Changsha,
Hunan 410083, PR China, *Institute of Physics, Chinese Academy of Sciences, Beijing 100190, PR China, *Department of Physics, National University of Singapore,
2 Science Drive 3, 117542 Singapore, and LGraphene Research Centre, National University of Singapore, Block 14, Level 6 6 Science Drive 2, 117546 Singapore

ABSTRACT

DOS (a.u.)

——spin up
~——— spin down

Energy (eV)

The atomic structures and electronic properties of isolated Mo atoms in bilayer epitaxial graphene (BLEG) on 4H-SiC(0001) are investigated by low

temperature scanning tunneling microscopy (LT-STM). LT-STM results reveal that isolated Mo dopants prefer to substitute C atoms at o.-sites and

preferentially locate between the graphene bilayers. First-principles calculations confirm that the embedding of single Mo dopants within BLEG is

energetically favorable as compared to monolayer graphene. The calculated band structures show that Mo-incorporated BLEG is n-doped, and each Mo

atom introduces a local magnetic moment of 1.81 s into BLEG. Our findings demonstrate a simple and stable method to incorporate single transition

metal dopants into the graphene lattice to tune its electronic and magnetic properties for possible use in graphene spin devices.
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raphene, a one-atom-thick sheet of
Gcarbon atoms in honeycomb ar-

rangement, has sparked much inter-
est in both fundamental studies and
technological applications in the past 10
years due to its outstanding physical, elec-
tronic, and optical properties.'? The devel-
opment of nanoscale graphene-based
devices requires simple methods to tune
its electronic and magnetic properties. Im-
purities and defects, which are always pre-
sent in crystals, have a strong influence on
their electronic, optical, thermal, and me-
chanical properties. For instance, the con-
ductance of semiconductors and the me-
chanical strength as well as ductility of
metals are governed by defects.® Structural
defects or dopants (atomic point defects)
in graphene have been shown to play an
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important role in tuning its transport pro-
perties.>* Lahiri et al. reported the realiza-
tion of an extended one-dimensional defect
embedded in a perfect graphene sheet,
which has the potential to act as a con-
ducting wire.> Ugeda investigated isolated
carbon vacancies in the outermost layer
of HOPG and in monolayer graphene on
Pt(111) by low temperature scanning tun-
neling microscopy (LT-STM) (T = 4.2 K).57
They revealed that the vacancies at a sites
on HOPG exhibit a much sharper resonance
at the Fermi level (E) than those at 3 sites
(a sites and § sites are defined in Figure 1),
whereas single carbon vacancies in mono-
layer graphene on Pt(111) exhibit a broad
electronic resonance above Er. This sug-
gests that the magnetic moment associated
with carbon vacancies in freestanding
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Figure 1. Ball-and-stick model of bilayer graphene showing the two inequivalent carbon atoms (. and f sites) per unit cell.

The green diamond highlights the unit cell.

graphene layers can be quenched when graphene
hybridizes with the metal substrate at vacancy points.
Zhao et al. investigated individual nitrogen dopants in
monolayer CVD graphene grown on a copper sub-
strate, revealing that individual nitrogen atoms were
incorporated as graphitic dopants into graphene and
strongly modified its electronic structure, but only
within a few lattice spacings from the nitrogen
dopant.? For comparison, they also reported the local
atomic and electronic structures of random boron
chemical doping in monolayer CVD graphene in the
graphitic form, revealing a contribution of ~0.5 holes
into graphene per dopant.’

It was recently demonstrated using first principles
calculations that substitutional transition metal (TM)
atoms can induce a magnetic moment in free-standing
graphene.'®'" For example, substitutional Mo intro-
duces a magnetic moment of 2 ug in monolayer
graphene.'? Experimentally, ion irradiation has been
shown to produce single C vacancies in graphene,
which can be used to trap Fe atoms.’® The adsorption
sites, electronic and magnetic properties of single Fe,
Co, and Ni adatoms on monolayer epitaxial graphene
(MLEG) on SiC(0001) have been studied by means of
STM and X-ray magnetic circular dichroism.'*'> To
obtain well-isolated monomers, the deposition was
performed at very low deposition rate and very low
substrate temperatures (T = 10 K). However, its two-
dimensional nature limits the use of conventional
silicon industry substitutional doping methods on
graphene. Thus, tuning the electronic properties of
graphene, in particular introducing a magnetic mo-
ment by individual TM atoms, is still a challenge.

In this article, we demonstrate a simple method to
incorporate isolated Mo atoms into BLEG on SiC(0001)
and investigate the Mo incorporating sites and corre-
sponding electronic properties of Mo-doped BLEG by
means of LT-STM (T = 77 K) and first principles calcula-
tions. LT-STM and first principles calculations reveal
that isolated substitutional Mo atoms prefer the a-sites
of the upper graphene layer and to be embedded
between the graphene bilayers. The Mo atoms are
stable to ~1100 K because of covalent bonding with
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neighboring carbon atoms. The first principles calcula-
tions show that the Mo atom embedded between
graphene bilayers is energetically more stable than
that located above the graphene surface. Furthermore,
each substitutional Mo atom introduces a magnetic
moment of 1.81 ug into bilayer graphene.

RESULTS AND DISCUSSION

The ball-and-stick models in Figure 1 (top and side
views) show the two inequivalent carbon atoms at a
(directly on top of a carbon atom of the layer below)
and S (above the center of a carbon hexagon of the
layer below) sites. The o and f3 sites exist in bilayer
graphene unit cells due to AB Bernal stacking, which
breaks the hexagonal symmetry, as in bulk graphite.
The green diamond highlights a unit cell of bilayer
graphene with a lattice constant of 2.44 A. The inter-
layer distance is 3.34 A. As the carbon atoms at 3 sites
have a higher local density of states (LDOS) at E¢, three
f carbon atoms in each hexagon are observed as
protrusions in constant-current STM images,'® distinct
from the 6-fold symmetry of monolayer graphene.'”

Figure 2 presents large scale representative STM
images of EG as-prepared (Figure 2a) and with incor-
porated Mo atoms (Figure 2b,c) (also refer to Figure S1,
Supporting Information). The presence of Mo on the
surface is confirmed by ex situ photoemission experi-
ments. The two Mo 3d related peaks shift from 232.1
and 235.2 eV to 228.6 and 231.7 eV after annealing,
suggesting the reduction of Mo®" to Mo (Figure S2,
Supporting Information). Unlike on pristine EG where a
smooth surface isimaged in STM (with some protrusion-
like defects),’””~"® many depressions are observed
(at —4 V tip bias) after Mo incorporation. The atomically
resolved STM image of such a protrusion-like defect
is shown in the inset of Figure S1 (Supporting
Information), which is defined as a (carbon) tube-like
defect' and independent of Mo incorporation. The
point defects on BLEG (depressions at —4 V) are
imaged as isolated protrusions at 1 V tip bias, as
highlighted by red circles in the zoomed-in STM
in Figure 2d. Unexpectedly, it is difficult to find
similar point defects in MLEG regions (Figure 2d and

VOL.8 = NO.1 = 970-976 = 2014 A@%M

WL

N

N

"\
N O

WWW.acsnano.org

971



Figure 2. Graphene with randomly dispersed Mo dopants: (a—c) Typical large scale STM image (250 nm x 250 nm) of EG as-
prepared (a: Vy = 2 V), with low Mo coverage (b: V3 = —4 V) and higher Mo coverage (c: Vr = —4 V). Depressions randomly
distributed over the surface are attributed to incorporated Mo species, while the irregularly shaped bright features are
common defects on EG that are independent of Mo incorporation. (d) Zoomed-in STM image (20 nm x 20 nm, V; =1V)
indicates isolated Mo dopants (protrusions) highlighted by red circles in BLEG only (please refer to Figure S1, Supporting
Information). The dash-dotted curve highlights the boundary between monolayer EG and bilayer EG.

Figure S1b, Supporting Information). For an annealed
MoOs/EG sample (~1100 K), there are three kinds of
defects expected: carbon vacancy, oxygen, and Mo.
Carbon vacancies in EG can be ruled out because no
obvious 3-fold (v/3 x +/3) pattern is observed around
each atomic defect.'® Chemisorbed oxygen can be
removed either by annealing the oxide sample at
~530 K or by energetic electrons from the STM tip
(Vs =4V, It = 1 nA).%° For our sample, although it was
annealed at ~1100 K or scanned many times with tip
conditions of V= —4 V (= —Vs), the protrusions are
always stable on the surface, excluding the possibility
of chemisorbed oxygen. Thus, we propose that these
defects are related to isolated Mo dopants in BLEG, as
discussed next.

Figure 3a and 3b show high resolution STM images
from the same area but at opposite tip bias polarities
((@) Vy = —4YV, (b) V1 = 2 V), highlighting the different
appearance of isolated Mo dopants in BLEG. The short
rod-like features in both images are related to the tube-
like defects in BLEG as above-mentioned.'® The de-
pressions (Figure 3a) or protrusions (Figure 3b) with
radial symmetry are attributed to isolated Mo dopants.
While the depressions have maximum lateral dimen-
sions (fwhm: full width at half-maximum) of 22.5 + 0.5 A

WAN ET AL.

and an apparent maximum height of ~ —1.8 A with
respect to the BLEG surface, the protrusions possess
maximum lateral dimensions of 8.5 + 0.5 A and an
apparent maximum height of ~3.0 A, as shown in the
corresponding line profiles in Figure 3¢ and 3d. The
apparent height difference (either in Figure 3c or in
Figure 3d) can be attributed to the different Mo
adsorption sites in BLEG relative to the underlying
reconstructed SiC surface. For chemisorbed atomic
oxygen on EG, the lateral diameter of the oxygen
features observed in the STM images is ~12 A, which
is attributed to oxygen chemisorption-induced topo-
graphic distortion of EG in the region surrounding the
oxygen bonding site.?’ The larger protrusions corre-
sponding to Mo may arise for a similar reason: Mo
incorporation induces topographic distortion of EG in
the region surrounding the Mo bonding site. The
depressions in the empty state STM images cannot
be attributed to the electronic interaction of Mo atom
with neighboring C atoms but to a local change of tip-
induced-band-bending (TIBB) arising from the pre-
sence of the Mo atom. For n-type BLEG?"?? at negative
tip bias, a tip-induced band bending enables electron
tunneling from the tip to the substrate. However,
electron tunneling may be inhibited if the band
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Figure 3. Zoomed-in STM images from the same area (50 nm x 50 nm) but at opposite tip bias polarities ((a) V= —4V, (b) Vy=2V)
showing the different appearance of Mo dopants in BLEG. Panels (c) and (d) show the line profiles across nine circled and

numbered dopants in (a) and (b), respectively.

bending is locally reduced due to electrostatic effects
of the Mo atom. The tip must therefore move closer to
the surface to compensate. Thus, the Mo atom appears
as a depression. The magnitude of local change in TIBB
depends on the lateral distance between the tip and
the position of the Mo atom. With increasing distance,
the influence of electrostatic effects of Mo atom on
TIBB decreases. Therefore, a circular depression occurs
around the position of Mo atom in the STM image.>2*
A similarimpurity-induced electronic effect on electron
tunneling has been reported for STM images of Fe
dopants in the subsurface region of H—Si(111)** and
Ga adatom on GaAs. >

To determine the geometrical structure of Mo in-
corporated BLEG, atomically resolved STM is helpful.
Figure 4a shows an atomically resolved STM image
taken from the white square labeled in Figure 3b
showing both the isolated Mo dopants and the tube-
like defects on BLEG. The atomic feature of Mo dopants
is different from that of Co or Ni adatoms on MLEG on
SiC(0001), where ~3-A-high protrusions extending
over several honeycombs on graphene are observed
for single Co or Ni adatoms at the tip bias in the range
of —0.5 to 0.5 V. This suggests that Mo atom is not
adsorbed on top of but incorporated into BLEG. The-
oretical calculations using the climbing-image nudged
elastic band method predict that the energy barrier for
a Pd atom going through a single atomic defect in a
Ru(0001) supported graphene is only 0.49 eV.?° It is
reasonable that the reduced Mo atoms can overcome a
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comparative energy barrier at ~1100 K and go through
the top graphene layer at the atomic defect site, which
is created during the reduction of MoOs on EG surface.
The covalent bond between Mo atom and nearest
three C atoms makes them indistinguishable in the
close-up STM image in Figure 4b, where a characteristic
triangular structure occurs at the doping site and the
triangular lattice of BLEG remains intact. The length of
this triangle is equal to the graphene lattice constant
(~2.5 A); i.e., there is almost no distortion. According to
the triangular lattice of BLEG, it is obvious that each
apex of such triangle is located at a C atom of the same
sublattice. The line profile taken along the dash-dotted
line through the dopant (Figure 4b) yields a maximum
apparent out-of-plane height of 0.5 + 0.1 A. This is
similar to the case of individual nitrogen dopants in
CVD grown graphene,? indicating that the Mo atom is
actually incorporated into BLEG. As above-mentioned,
only carbon atoms at 3 sites can be visualized in
constant current STM images due to their higher LDOS
at Eg. Since all the local density of states (LDOSs) of 5
atoms and a small percentage of those of o atoms can
be detected,?” o and 3 atoms can be identified in the
line profile superimposed in Figure 4b by cyan and
yellow arrows, respectively, indicating that the center
of the triangle is located at o sites. Figure 4c is a
corresponding model where a graphene layer is super-
imposed on the same STM image as in Figure 4b
accordingly, confirming that Mo atom substitutes
one carbon atom at a sites. Since the covalent radii
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Figure 4. (a) Atomically resolved STM image (25 nm x 25 nm, V= 0.5 V) taken from the white square region in Figure 3b. No
apparent scattering is observed around the isolated Mo dopants. (b) A representative zoomed-in STM image (3 nm x 3 nm,
Vr=—0.3V) of a Mo dopant in the BLEG. The line-profile taken along the dash-dotted line through the dopant indicates a-site
adsorption of Mo: yellow arrow for j site and cyan arrow for a site. (c) Same as (b): superimposed with schematic top view on

the atomic structure of graphene.

of TM atoms are larger than those of C atoms, the
substitutional TM atoms are displaced from the gra-
phene plane, inducing a local curvature of graphene.
Taking no Mo dopants in MLEG region and the small
apparent height of ~0.5 A into account, we postulate
that the a-site substitutional Mo atom is located
between the two graphene layers in BLEG.

To further confirm the proposed configuration of a
Mo atom at the substitutional o site and embedded
between BLEG, as well as to predict the corresponding
electronic properties, first-principles calculations with-
in the framework of density functional theory (DFT)
are carried out. Four substitutions with higher symme-
try (possibilities) as shown in Figure S3 (Supporting
Information) are studied, which are defined as config-
urations a—d, respectively. Note that this BLG model
neglects the substrate effect of BLEG. According to the
calculated binding energies, it is found that configura-
tions b and d (where Mo atoms substitute carbon
atoms at o and S site, respectively, and located out
of bilayer graphene) are energetically less favorable
than configurations a and ¢ (where Mo atoms substi-
tute carbon atoms at a and f site, respectively, and
located in between bilayer graphene), in good agree-
ment with STM observations. However, in contrast to
the experimental result, the binding energy of config-
uration c is 0.31 eV lower than that of configuration a,
indicating Mo is more stable at the [ site between
freestanding bilayer graphene. The Mo atom in con-
figuration c is directly above the hollow site of lower
graphene layer, leading to a much smaller interlayer
distance and deformation. This is why configuration
a is less favorable than configuration c in the calcula-
tion. In addition to the inadequate description of
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intermolecular weak interaction energy by the DFT
method and the limited size of the calculation model,
two other important factors may contribute to this
contradiction. One is that the underlying SiC substrate
can induce n-doping and corrugation of BLEG, which
may significantly affect EG properties.”® For example,
recent LT-STM investigations reveal that Ni and Co
adatoms were adsorbed at different sites on pristine
and quasi-free-standing MLEG, indicating that the
underlying substrate plays a crucial role in deter-
mining the adsorption site as well as the electronic
properties of TM adatoms on graphene.''> Another
possible explanation is that the Mo substitution reac-
tion at the o site may undergo a lower energy barrier
than at the f site, even though its product is thermo-
dynamically unfavorable. Further experimental and
theoretical studies are needed to better understand
this issue.

Figure 5 summarizes the calculated atomic and
electronic structures of Mo-doped free-standing bi-
layer graphene (BLG) in configuration a. Since the Mo
atom has a much larger van der Waals radius than the
carbon atom, the interlayer distance of BLG is in-
creased from 3.3 to 3.6 A (Figure S3, Supporting
Information). Obvious deformation of the lower gra-
phene layer is observed, as shown in Figure 5a. A net
magnetic moment of 1.81 ug is obtained, and the
density of net spin as shown in Figure 5c demonstrates
that the magnetic moment is completely localized at
the Mo atom. The DOSs (Figure 5d) show that the Mo
dopant causes bilayer graphene to undergo a semi-
metal to metal transition due to the Mo shallow d
bands near Er. The net magnetic moment is mainly
contributed by the sharp peak slightly below E¢
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Figure 5. (a) Top and (b) side views of optimized structure of BLG with Mo-substituted at o site and between the two free-
standing BLG layers. (c) Spatial distribution of spin-polarized charge density (spin up minus spin down). (d) Density of states.
(e) Band structures (left, spin up; right, spin down). Red lines highlight the localized spin state of the two flat bands around E;.

corresponding to the 4d bands of Mo. This localized
spin state is also reflected by two flat bands around E¢
in the band structure (red lines in Figure 5e). It is also
clear that these two d bands of Mo atom, as well as E,
are 0.3 eV above the Dirac point of graphene, indicat-
ing the BLG is n-doped.

CONCLUSION

In conclusion, we have demonstrated the possibility
of incorporating single transition metal (Mo) dopants

METHODS

All the experiments were carried out in a custom-built multi-
chamber ultrahigh vacuum (UHV) system housing an Omicron
low-temperature scanning tunneling microscope (LT-STM) with
base pressure better than 6.0 x 10~"" mbar."” The EG samples
(MLEG and BLEG coexist) were prepared by thermal decom-
position of a chemically etched n-type Si-terminated 4H-SiC-
(0001) sample (CREE Research Inc.) at 1500 K in UHV.'”'® The
quality of EG was confirmed by in situ LT-STM. MoOs; was
evaporated in situ from a Knudsen cell onto EG at room
temperature in the growth chamber. The nominal deposition
rate of MoOjs (0.2 nm/min) was precalibrated by a quartz crystal
microbalance.?® By annealing the sample gradually up to about
1100 K and maintaining the temperature for 10 min, some Mo
atoms decomposed from MoOs and incorporated into BLEG.
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into bilayer graphene in a stable configuration. Scan-
ning tunneling microscopy results show that the sub-
stitutional Mo dopants prefer to embed inside bilayer
graphene and the electronic structure of graphene is
strongly modified only within a few lattice spacings of
the Mo dopant site. DFT calculations show that each
Mo atom introduces a local magnetic moment of 1.81
ug into BLEG. This single Mo-doped bilayer graphene
structure may be incorporated into the design of novel
graphene spintronics devices.

The sample temperatures were measured by an optical pyrom-
eter. All STM images were recorded in constant current mode
using chemically etched tungsten (W) tips at 77 K. The low
temperature used minimized thermal noise to give atomically
resolved STM images, which were analyzed using WSxM
software.>°

For the first principles calculation, a 5 x 5 supercell of BLG is
used with the vacuum space of 20 A. van der Waals corrected
Becke88 functional (optB88-vdW)*' is employed to better de-
scribe the weak interlayer interaction of BLG. The project
argument wave function (PAW) pseudopotential is used
with energy cutoff for plane wave basis setting as 400 eV. The
first Brillouin zone is sampled by 5 x 5 x 1 k-points using
the Monkhorst-Pack scheme in geometry optimization, and
15 x 15 x 1 k-points in DOS and bandstructure calculation.
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